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ABSTRACT

In the second year of the program, the investigation of the passivity

of sputter-deposited Al alloys has been extended from Al-Mo and Al-Cr to

include Al-Ta, Al-Zr, Al-Si, and Al-Cu. Al-Ta was found to have the greatest

effect on the breakdown potential of Al. Al-Mo, Al-Zr, and Al-Cr also sub-

stantially impact the breakdown potential, whereas Al-Cu and Al-Si have little

or no effect.

A more extensive study of the corrosion behavior of Al-Mo and Al-Cr was

performed in salt spray and pit initiation tests. Whereas the Al-Cr alloys

outperformed the Al-Mo alloys in the salt spray tests, both alloys were

substantially more resistant to attack than pure aluminum. Pit initiation

tests showed that the order of the reaction between the alloys and pure Al was
identical, indicating that the onset of the pitting process was similar in

each case. However, the time required to initiate a pit was substantially

longer for Al-Mo than for Al-Cr or pure Al, indicating that the mechanism by

which pits nucleate and grow through the film may be different.

The changes in the chemistry of the passive film that forms on Al, Al-

Mo, and Al-Cr alloys, as a function of solute concentration and applied

potential in 0.1 N KCl, were studied. The results show that the mechanisms by

which the solute protects the Al alloy differ. Molybdenum forms a film

containing MoO4-
2 , which impedes the ingress and subsequent movement of the

Cl- anion. In contrast, Cr forms a Cr(OH) 3 barrier layer that inhibits the

oxidation of the Al substrate and restricts the Cl- anion from reaching the

metal/film interface. Pitting of Al-Mo alloys occurs when sufficient MoO4 2

is replaced by hydrated Mo compounds, whereas pitting of the Al-Cr alloys

occurs when Cr+3 is oxidized to the more soluble Cr+ 6 state.
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I. INTRODUCTION
I!

Aluminum and itz alloys are known for their poor resistance to local-

ized attack and, in particular, for pitting in aqueous chloride-containing

environments. Pit formation is caused by the breakdown of the passive film in

the presence of chlorides due to its interaction and chemical reaction with

the chloride anion. This results in the formation of a more soluble, and

therefore less protective film, which eventually leads to the rapid localized

dissolution of Al metal and the formation of a pit. V

Elements like Mo or Cr promote passivity in Al if they can be retained ,

in solid solution without forming precipitates, which can serve as active

microgalvanic cells. These additions can be retained in solid solution by

several non-equilibrium alloying techniques (1-4). Since the corrosion

behavior of Al is dependent upon the protective properties of the passive

film, the presence of these elements improves the protective nature of the

film by decreasing its susceptibility to pitting attack.

In the second year of the program, a number of different elements, such

as Ta, Zr, Cr, Mo. Cu and Si, were added to Al in various concentrations to

study their impact on the alloys' corrosion behavior. Not all of the elements

improved the pitting behavior of the alloy. Ta, Zr, Cr, or Mo addition

resulted in more noble breakdown (Eb), or pitting, potentials, whereas Si and

Cu had little impact on Eb. A detailed study of pit initiation was alsu

performed on Al, Al-i.5Cr, and Al-1.5Mo alloys in solutions containing various

concentrations of chlorides.

Changes in the passive film were studied by monitoring the products of

the reactions on Al and several Al-Mo and Al-Cr alloys using X-ray photoelec-

tron spectroscopy (XPS), a surface-sensitive technique that has been widely

used to study the chemistry of passive films (4-12). This technique

provided a quantitative analysis of the passive film and yielded information

regarding the oxidation state of the elemental species present, thereby pro-

.
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viding insight into the nature o. the chemical changes that occurred during

passivation and film breakdown in the presence of chlorides. The changes in

the surface chemistry were used to study the mechanism by which these alloying

additions affect the passive behavior of Al in aqueous chloride environments.
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II. EXPERIMENTAL PROCEDURE

Thin alloy films were prepared by using a RF-magnetron sputter-deposi-

tion process. Details regarding the preparation of the alloy films were pre-

sented previously (4). Films containing Al and either Mo, Cr, Ta, Zr, Cu, or

Si were deposited onto a 2-in.-diam. polished Si single-crystal substrate.

The purity of the targets was 99.999% and the concentrations of both oxygen

and carbon in~the films were below the XPS detectability limits during sput-

ter-depth profiling (less than 1 at.% of the bulk alloy). The alloying addi-

tions were co-deposited onto the wafer with the Al to a thickness of 1 um.

The power was 360 W on the Al target and 40 W on the alloying addition target.

The range of solute concentration across each wafer at the 360 W/40 W ratio is

shown in Table 1. Additional power settings were used on the Mo and Cr

targets to form alloys with a wider range of solute concentration. Three

different concentrations of Mo- or Cr-containing Al alloys, as well as pure

Al, were studied during this program. The solute concentrations (determined by

atomic absorption) ranged from 2 to 16 at.% for the Al-Mo alloys and from 6 to

15 at.% for the Al-Cr alloys.

Table 1

Variation in Alloy Composition Across the Si Wafer

Alloy Concentration
(at.%)

Low High

Al/Cr 2.8 5.8
Al/Cu 10.5 22.0
Al/Mo 4.0 8.2
Al/Si 1.1 2.1
Al/Ta 4.0 8.8
Al/Zr 2.0 5.5

3



In addition to the films that were sputter-deposited onto the 2-in.-diam.

wafers, several films consisting of pure Al, Al-1.5 Mo, and Al-1.5Cr were

deposited onto smaller 16-mm.-diam. wafers. The alloy films were stored in

plastic containers that were exposed to the laboratory air. Prior to the

onset of the experiments, each surface was analyzed using XPS to obtain the

surface chemistry of the air-formed passive film.

Samples used in the electrochemical and XPS studies were made by

cleaving the 2-in.-diam. wafer into sections, each of which was attached to a

stainless steel holder. The surface of each sample and the holder were coated

with a lacquer, leaving an area of approximately 1 cm2 exposed for polariza-

tion, and allowed to dry for 24 h. The coated samples were then exposed to an

electrolyte (0.1 M KCI adjusted to pH 8 using KOH), which was mechanically

stirred, degassed, and purged with high-purity nitrogen. The samples were
polarized anodically at 0.2 mV/s, starting at the open circuit potential (Eoc)

using a Princeton Applied Research (PAR) Model 273 potentiostat, when the rate

of change in Eoc was less than 6 mV/h. The electrochemical cell contained a

Pt mesh counter-electrode with a surface area at least ten times greater than

the working electrode. The potentials were referenced to an external

saturated calomel electrode (SCE).

The 16-mm.-diam. samples were mounted into a Teflon holder that had an

exposed surface area of 0.95 cm2 and sealed from the solution with a lacquer-

coated Teflon seal that effectively eliminated crevice attack. A setup

similar to the above was used to study pit initiation. The samples were

allowed to equilibrate in 500 ml of 0.05 N Na2SO4 prior to applying a poten-

tial of 300 mV(SCE). This potential was chosen because it was significantly

above Eb in all of the conditions measured for each alloy: Al, Al-1.5Mo, and

Al-1.5Cr. After 600 s, a solution of KCI was injected into the flask, so that

the final concentration of the electrolyte was either 0.1 or 0.01 M KCI. The

volume of solution injected into the flask was less than 20 ml and had a pH of

C 8; thus its addition would not substantially perturb the conditions in the

flask. The current density was monitored as a function of time, and the

4
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induction period for pit formation (tp) was noted as a sharp increase in the

current density.

Preliminary salt spray (fog) tests were conducted according to ASTM

B117-85 "Standard Method of Salt Spray (Fog) Testing" on Al and Al alloys

containing from 1-9 at.% of either Cr or Mo. The tests were conducted over a

fifty-day period with periodic interruptions to study the extent of the

attack. The degree of attack was determined visually; hence, it is a quali-

tative evaluation.

For the XPS study, a series of polarization experiments was conducted

on Al, Al-Mo, and Al-Cr alloys with various solute concentrations and their

surface chemistry was subsequently measured. This procedure consisted of

polarizing the samples to a set potential, removing them from the electrolyte,
rinsing the surfaces with high-purity water and then drying them with nitro-

gen, removing the lacquer by peeling it off the surface with a scalpel, and

transferring them through air into the ultrahigh vacuum (UHV) chamber of the

XPS spectrometer. The elapsed time between polarization and insertion into

the introduction chamber of the spectrometer was typically less than 6 min. A

series of three polarization experiments was performed on the pure Al sample,

whereas four experiments were performed on each Al alloy, except for two

samples, which were only polarized to -600 mV (SCE) and analyzed. In each

series, the same sample was studied to eliminate surface variations between

samples and facilitate a study of the change in the chemistry of the passive

film as function of applied potential.

The XPS measurements were made using a spectrometer [Surface Science

Laboratories (SSL) Model SSX 100-03] with a monochromatized Al Ka X-ray source

and a hemispherical electron energy analyzer with multichannel detection. The

X-ray source was focussed to a spot size of 600 pm. The sample was isolated

from ground during analysis, and the surface charge was neutralized by bom-

barding the surface with low-energy electrons (- 2 eV). Each sample was

removed from the spectrometer after analysis and stored until the next polari-

zation experiment.

5.
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XPS survey spectra were used to obtain a qualitative analysis to ensure

that there was no unexpected contamination; high-resolution spectra [with full

width at half maximum (FWHM) of the Au 4f7/2 = 1.1 eVJ of the Cr 2P3/ 2 , 0 is,

C is, Mo 3d, and Al 2p photoelectron peaks were used for quantitative analysis

and chemical state determination. Quantitative analysis was determined from

peak areas fusing an integral background approximation (13)1 and sensitivity

factors that were obtained from standards with our spectrometer (11). Chemi-

cal state separation was achieved by curve-fitting the data using the manufac-

turer-provided software. To curve-fit the Mo 3d line lineshape, the two spin-

orbit-split components were constrained with an energy separation of 3.2 eV

and an area ratio of 1.5. The fits were obtained with the fewest peaks

needed, considering all of the data of a given series and the spectral signal-

to-noise. The "goodness" of the fits was judged using several criteria:

1) the over-all fit, 2) the fit along the low binding energy edge of the peak,

3) the widths of the individual components (generally, 1.2 to 2.2 eV, with the

peaks from the metallic states being narrower than the peaks from the oxide

states), and 4) the uniformity of the widths within both the metallic and the

oxidized sets of states.

Spectra from several commercially available Mo- and Cr-containing com-

pounds were measured to generate an in-house binding energy data base. In

most cases, the samples were powders or small crystallites mounted on double-

sided sticky tape. All the samples were kept in the introduction chamber for

several hours prior to analysis to remove as much additional water as pos-

sible. In addition, several of the compounds were hydroscopic; these were

mounted and either loaded into the UHV chamber as quickly as possible or kept

in a vacuum dessicator overnight to remove the absorbed water. Although each

sample had a thin, oxidized film, curve-fitting facilitated distinguishing the

separation between the film and bulk for those samples in which the bulk Mo

(Cr) was not in the +6 state.

6
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Ill. RESULTS

A. POLARIZATION BEHAVIOR

The polarization behavior for each of the alloys is shown in Fig. 1.

Each curve in the figure represents a composite of three scans performed on

each alloy. The concentration of solute in each alloy differed consider-

ably: pure Al, Al-4.3Cr, Al-15.OCu, Al-6.lMo, Al-1.5Si, Al-6.3Ta, Al-3.8Zr.

Compared to pure Al, the addition of Si and Zr have little effect on Eoc; Ta

and Cr additions resulted in more noble potentials for Eoc, a shift of approx-

imately 300 mV; and Cu and Mo gave the largest change in Eoc, almost 600 mV .

electropositive shift in potential.

The largest shift in Eb, over 0 mV(SCE), was for the alloy that con-

tained Ta. The addition of Mo to Al also resulted in a substantial electro-

positive shift. Both the Al-4.3Cr and Al-3.8Zr had similar shifts in Eb, with

values closer to -300 mV(SCE). Surprisingly, Eb also became more

electropositive for the Al-15Cu alloy. The addition of Si to Al had little

impact on the polarization behavior of Al.

B. SALT SPRAY TEST

After 1 day of exposure, the pure Al sample had been heavily attacked,

whereas the alloy samples retained their luster and were free from pits.

After 7 days of exposure, the pure Al had completely dissolved and only the Si

wafer remained; the Al-Mo samples began to turn brown; and the Al-Cr samples

retained their luster, with isolated areas of attack in the form of crazing.

After 14 days, the Al-Mo samples appeared to be dark brown or black and pits

had begun to form on the surface. The Al-Cr samples still retained their

luster, although the crazed structure became more well defined at higher Cr

levels. The best Al-Cr samples contained only small amounts of Cr (I at.%).

In 30 days, the Si substrate began to appear on the samples containing the

lowest concentration of Mo (1-2 at.%). The samples with the highest Mo

7
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CFigure 1. Potentiodynamic polarization curves for pure Al and six different
sputter-deposited Al alloys.
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concentration (7.0 at.%) were dark and heavily pitted. The Al-Cr samples did

not appear to change. After 50 days, all of the Al-Mo samples showed exten-

sive attack. On the other hand, large areas of surface of the Al-Cr samples,

particularly those samples with low Cr content, retained a shiny luster.

Higher Cr levels led to areas of green discoloration on the surface and

pitting only in a few isolated areas.

C. INITIATION TESTS

The results of the pit initiation tests are listed in Table 2. These

results indicate that the tp of Al and Al-1.5Cr differed very little, being

well within the experimental scatter. However, the t p for the Al-Mo alloys

increased substantially, indicating a possible change in the mechanism by

* which pits form in the passive film.

Table 2

Induction Time as a Function of Alloying Addition

and Chloride Concentration at 20°C

Alloy Induction Time, tp
(s)

0.01 M KCl 0.1 M KCl

Al 1080 40
Al-Mo 4390 185
Al-Cr 780 25

As the chloride concentration in the solution increases, tp decreases.

Foley and coworkers (14-16) and others (17) have used the functional depen-

dence of the initiation time and the chlorine concentration to estimate n, theC
number of anions involved at a single surface site during the initial pitting

process, by the following rate equation:

9
I'



(1/tp) = kIAl+3 1m[Cl-In (1)

where k is the rate constant, A1+3 and Cl- are the aluminum and chloride con-

centrations in the solution, respectively, and m and n are the orders of the

reaction. If k, m, and [Al+3J are assumed to be constant, the logarithmic

form of this equation results in a linear dependence of the chloride concen-

tration on tp, with n as the slope of the line. Unlike tp, the value of n for

each alloy is very similar, with n equal to 1.4 for Al and Al-1.5Mo, and 1.5

for Al-1.5Cr. This result suggests that the same species initially form on

the surface in each of the alloys during the onset of the pitting process.

D. PASSIVE FILM CHEMISTRY

D1. Binding Energy Standards

Two alloying additions, Mo and Cr, were studied in detail to help

eludicate the mechanism by which the presence of the element in the passive

film inhibits pit formation.

Interpreting XPS spectra often becomes complex as the number of pos-

sible oxidation states increases. To resolve the chemical species that may be

present, we analyzed a number of different Mo- and Cr-containing compounds to

help identify differences in oxidation states (see Table 3). Spectra were

obtained from nearly all compounds at least twice. The typical deviation in

binding energies was 0.2 eV or less, indicating good precision in the values

quoted. In addition to these data, several other sources were used as refer-

ences (7,8,18-28). The results listed in Table 3 show good agreement between

the current results and those in the literature. These results indicate that

the Mo+4 - and Mo+ 6-containing compounds exhibit a variation in binding ener-

gies of approximately I eV. The binding energy of the molybdate compounds is

cation dependent. Furthermore, Olefjord et al. (7) indicated that the binding

energy of Mo+4-containing compounds depends strongly on the Mo coordination.

For example, the binding energy for MoO 2 is 1.6 eV lower than for a hydrated

10
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Table 3

Binding energy for Mo and Cr Metal and Compounds

Oxidation Compound Binding Energy (eV)
State This work a Other work Ref.

Molybdenum

0 Mo metal 227.9 227.4 b 18
228.0 a 19

* 227.7 a 20
227.8 b 21
227.7 a 7

+2 Mo2C 228.6
C

+3 MoCl3  230.0 229.7 a 20229.7 a 8

• +4 MoO2  229.5 229.2 b 18229.4 a 19
229.4 a 20
229.3 a 7
229.4 b 22

Mohy 230.9 a 7
230.2 a 8

MoS2  229.8 228.9 a 20, 22
228.9 b 18

MoCl 4  230.4 230.4 a 20

+5 MoCl5  232.2 230.7 a 20
Mo205  231.4 b 21

+6 CoMoO4  231.8 b 20, 22

Na2MoO4  231.8 232.1 a 20

Mo02CI2c 232.6

A12 (Mo04)3  232.8 232.7 a 20

MoO3  232.9 232.4 b 20232.5 a 19
232.6 a 20
232.2 b 21232.5 a7

232.5 b 8
MoOCl4 c 233.0

4.
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Table 3 (cont.)

,S.

Chromium

0 Cr metal 573.8 574.0 a 23
574.2 b 24

a7574.4 a 7
574.1 a 25574 .1 a 2
57387b  20

26

+3 Cr203 576.2 a 23
576.0 a 7

576.3 a 25
576.6 a 20
576 .25b 26
576.6 a 28

CrOOH 576.6 a 23
577.0 a 25
576.8 a 20
576.8 b 

27

577.2 a 28
Cr(OH) 3  577.7 a 25

5 7 .0 a 
2 0

77 26577.4 a 20576.76 b  26

CrCi 3  577.2 a 20
577.6 a 20

+4 Cr0 2  576.1 a 20576.1 b 27"..

+6 CrO3  579.0 577.7 a 23
578.1 a 25

578.1 a 20

579 .07b 26

BaCrO4  578.9 a 20

K 578.8 579.4 a 20

K2Cr28a72K2Cr207 579.0 579.3 a 20
579.6 b 27

a Referenced to C is at 284.6 eV.
b Referenced to Au 4f at 83.8 eV.
c Surfaces were defici bnt in Cl and may have decomposed. W
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form Mohy. Nevertheless, each state (except for Mo+ 3 and Mo+4 and, possibly,

Mo+5 and Mo+6) has a distinct set of binding energies. The Cr+ - and Cr+6- r

containing compounds also have ranges in binding energy, but again, the ranges

are distinct and allow assignment of the different oxidation states.

D2. Sample Transfer

XPS measurements are by necessity ex situ. Consequently, any changes

in the chemistry of the passive film caused by removing the sample from the

electrolyte and transferring it through the air to the UHV chamber must be V

characterized. Earlier work on pure Al showed that the transfer of the sample

over short times, i.e., approximately five minutes, had very little effect on

the chemistry of the passive film that had been formed in dilute sodium sul-

fate solutions (12). Exposure of the passive film to the UHV environment

resulted in the removal of adsorbed water from the film, without changing its

chemistry from the oxyhydroxide phase.

The effect of air transfer may become more important for Al alloys con-

taining Mo, because some of the hydrated Mo compounds that might exist in the

film are unstable in air (29). To address this problem, several experiments

were performed on the transfer of Al samples that had been exposed to solu-

tions containing low concentrations of molybdates (10 ppm), which results in

an Al surface containing a high concentration of Mo+ 4 in the passive film

(26). This surface component would be the one that is most sensitive to air

oxidation. These samples were either exposed to air for various lengths of

time or transferred to the UHV chamber under an argon cover gas. The results

of these experiments indicate that for our transfer cycle, which ranges

between 3-6 min, no detectable changes occurred in the film.

03. Passive Film Characterization Using XPS

The electrochemical potentials for each sample, including the initial

Eoc measurement and the final applied potential, are listed in Table 4. In

the first experiment, the sample is allowed to come to equilibrium and is then

13
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removed for analysis; therefore, only the Eoc value is given. In subsequent

experiments, the sample was polarized, and the final potential is also listed.

The consistency of the Eoc for the sample for each experiment is strong evi-

dence that no irreversible changes occur during the transfer, measurement, and

storage procedure. Samples AM-4 and AC-4 were used in a separate study

involving variable take-off angle XPS to help elucidate the structure of the

film. These were polarized only once up to -600 mV(SCE).

Table 4

Polarization Experiments of the Binary Aluminum
Alloys in Deaerated 0.1 N KCl Adjusted to pH 8

C Experiment Number
1 2 3 4

Sample Conc. Eoc Eoc/Efinal Eoc/Efinal Eoc/Eb

(at.%) [mV(SCE)J ImV(SCE)I [mV(SCE)j [mV(SCE)]

* Mo Cr

Al .- 1511 -14911-900 ---- -1514/-442
AM-i 2.2 -- -1046 -1039/-600 -1003/-400 -978/-325
AM-2 7.8 -- -888 -893/-600 -894/-400 -931/ -4

* AM-3 12.0 -- -950 -9301-600 -891/-400 -879/+250
AM-4 16.0 -- -912/-600
AC-i -- 6.8 -1125 -1107/-600 -1099/-400 -1137/-232
AC-2 -- 8.0 -1128 -1122/-600 -1107/-400 -1156/-202
AC-3 -- 14.0 -1026 -1000/-600 -1021/-400 -977/-247
AC-4 -- 15.0 ---- -1047/-600

The addition of both Mo and Cr to Al resulted in an increase in the

Eoc; however, the Eoc of the Al-Mo alloy increases with higher solute concen-

trations, whereas the Eoc of the Al-Cr alloys is less dependent upon the

( solute concentration. Eb shows a similar trend, increasing dramatically for

14



the Al-Mo alloys, but remaining independent of concentration for the Al-Cr

alloys. These results on the Al-Mo alloys agree with our earlier work (3,4).

The surface chemistry was studied using XPS as a function of applied

potential. Initially, the surface is covered with a thin, air-formed oxide

film. The area ratio of Al0/Al+ 3 ranges between 0.3 to 0.4 for Al and each

alloy, which corresponds to an oxide thickness of - 3.5 nm. Metallic Mo or Cr

is also detectable in the alloy surface. The Mo in the air-formed film of

AM-1 appears as Mo+4 (229.8 eV), which corresponds closely to MoO2. No oxi-

dized Mo or Cr was detected in any of the other samples at this stage. Our

work also shows the presence of a state that has a lower binding energy than

the elemental Mo (Moe l) or Cr (Crel) states, which have binding energies at
227.3 eV and 574.0 eV, respectively. We attribute the state at the lower

binding energy (225.8 eV for Mo and 572.2 eV for Cr) to the presence of the

solute in the alloy (Moal or Cral), i.e., Mo or Cr in an Al environment. Al-

though the shift (1.5 eV or 1.8 eV) is larger than has been reported for most

alloy systems (31,32), results from variable take-off angle XPS discussed

later in this section indicate that the Crel and Moel reside at the metal/film

interface, which supports this conclusion.

Exposing the sample to the electrolyte causes the surface to oxidize

and increase in thickness. The ratio of AlO/Al+ 3 drops to 0.13 for pure Al

(- 6.0 nm). In the Mo-containing alloys, the decrease in the AlO/Al+ 3 ratio

is even greater, falling to as low as 0.02 (- 80 nm). On the other hand, the

AlO/Al+ 3 ratio only decreases to 0.2 (- 45 nm) for the Al-Cr alloys, indicat-

ing that the film formed on the Al-Mo alloys is thicker than that formed on

either the Al or the Al-Cr alloy samples.

Exposing the sample to the electrolyte at Eoc results in higher oxida-

tion states of the solute species in the passive film. The peak due to the

metallic state is also still present, although diminished. The Al-Mo alloy

shows the Mo+ 6 state (232.2 eV) as well as two separate species, with lower

binding energies, the first at 228.7 - 229.2 eV and the second at 230.6 eV.
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The higher binding energy at 230.6 eV is assigned to the hydrated Mo+4 state

(7). The remaining oxidation state exhibits a binding energy shift during

polarization. It appears at 228.7 eV at low overpotentials and increases to

229.2 eV at higher overpotentials. We identify the higher binding energy peak

as MoO2 and tentatively attribute the peak at 228.7 eV to an intermediate

state, designated as Moin, during the oxidation of Mo in the alloy. Figure 2

shows the presence of Mo and the other states of Mo on the surface of AM-2 as

a function of applied potential. In all three samples, no one oxidation state

is dominant in the passive film, and the concentration of each oxidation state

in the passive film increases for each alloy as the bulk alloy concentration

increases (see Table 5).

Table 5

Contribution of Solute Species to the Passive Film

for the Al-Mo Alloys

Concentration
(at.%)a

* Moal Moel MoO 2/Moin Mohy Mo04-
2  Al0  Al+3

As-dep. 0.24 0.05 0.05 -- 11.11 28.8
E 0.14 0.07 0.29 0.07 -- 0.72 31.1
-0 O -- -- 1.37 0.68 1.13 -- 28.4
-400 0.22 1.17 0.46 -- 26.2
-325 -- -- -- 1.00 0.27 -- 26.8

AM-2
As-dep. 0.73 0.11 -- -- -- 11.95 31.0
E 0.44 0.44 0.23 0.28 -- 2.83 38.2

0 0.07 0.40 1.50 1.12 0.58 0.58 34.4
-400 -- -- 1.19 2.29 1.13 -- 29.7
-4 - - 1.03 2.08 1.03 -- 27.2

AM-3
As-dep. 0.82 -- -- -- -- 9.06 28.2
E 0.37 0.28 0.23 0.32 -- 2.23 33.2

-- 0.26 2.66 1.95 3.04 -- 20.0
-400 . -- 0.35 3.34 2.06 -- 24.0
+250 .. .. 0.21 4.21 0.88 -- 25.9

a Adventitious C and the 0 associated with it have been excluded from

the concentration normalization
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Figure 2. Variation of the Al 2p and Mo 3d spectra as a function of applied

Potential for sample AM-2 (Al-7.8Mo): a) As-sputter-deposited, b)
at Eoc 1-931 mV(SCE)I, c) at -600 mV(SCE), d) at -400 mV(SCE), and
e) at Eb 1-4 mV(SCE)j.
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The Al-Cr alloys also show a multiple number of states in the surface

region when exposed to the electrolyte at open circuit conditions (Table 6);

however, the concentration of Cr in the oxide is independent of the bulk alloy

concentration. In addition, the Cr+ 3 state [at 576.9 eV, corresponding to

either the trihydroxide phase, Cr(0H 3), or the Cr oxyhydroxide phase, CrOOH]

is the dominant oxidation state in the passive film, although the Cr0 peaks

are still present. The ratio of Cr0/Al0 (Cr0 includes both the peak at 572.2

eV, Cral, and that at 574.0 eV, Crel) increases at the open circuit potential

from the value found in the air-formed passive film, indicating that Cr is

building up at the metal/film interface. This suggests that Al is being

preferentially increased with oxide thickness, thereby indicating that a layer

of Crel is forming under the passive film.

Polarizing the Al and the binary alloys results in a continued oxida-

tion of the surface and thickening of the passive film. For Al polarized to

-900 mV(SCE) and the Al-Mo alloys polarized to -600 mV(SCE), approximately a

500 mV overpotential, the contributions of the metallic Al and Mo signals are

not detected. The Al-Cr alloys, on the other hand, still have a small signal

coming from the metallic Al state. Figure 3 shows the Al and Cr spectra from

AC-l as a function of applied potential.

Greater electropositive potentials above Eoc initially lead to an

increase in the Moox (oxidized Mo) signal, followed eventually by a decrease

in the concentrations of Mo in the passive film. Furthermore, the Moox/Alox

(oxidized Al) ratio in the film increases as a function of the bulk alloy com-

position. Figure 4 and Table 5 show the trend of oxidized Mo in the film as a

function of applied potential. In AM-2 and AM-3, three chemical species are

present, whereas only two are detectable for AM-I. As the applied potential

is increased, the contribution of the Mo signal due to the Mo+ 6 state

decreases, and the dominant oxidation state becomes the Mohy at a binding

energy of 230.6 eV, indicating that the Mo in the film is hydrating during

polarization up to more noble potentials. The contribution of the Mo signal

18
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Figure 3. Variation of the Al 2p and Cr 2P3/ 2 spectra as a function of

applied potential for sample AC-1 (Al-6.8Cr): a) As-sputter-

deposited, b) at Eoc [-1125 mV(SCE)I, c) at -600 mV(SCE). d) at

-400 mV(SCE), and e) at Eb 1-232 mV(SCE)"
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Figure 4. The Moox-to-A1ox ratio as a function of arodic overpotential.
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Table 6

Contribution of Solute Species to the Passive Film
for the Al-Cr alloys

Concentration
(at.%)a

Cral  Crel Cr(OH)3 Cr203  Cr0 3  A10  A1+3
AC-1

As-dep. 0.69 0.21 ...--. 12.70 30.8
E 0.48 0.43 -- 1.11 5.25 31.7

0-... 3.70 -- 1.30 30.3
-400 .... 5.70 ...-- 27.8
-232 -- -- 8.90 -- 2.20 -- 22.4

AC-2
As-dep. 0.66 0.20 .-- -- 13.23 29.3
E 0.33 0.24 1.75 ... 4.50 29.7

0 -- -- 2.00 .. .. 2.90 30.0
-400 .. .. 8.80 .-- -- 19.4
-202 .. .. 6.45 -- 3.50 -- 17.0

AC-3
As-dep. 0.82 0.27 -- 12.41 33.3
E 0.77 0.22 0.58 ... 4.50 32.3
-96o 0.70 0.60 2.60 -- 0.80 1.80 30.1
-400 -- 0.80 4.10 1.00 1.10 -- 29.7
-247 .-- 6.00 1.30 3.70 -- 20.7

a Adventitious C and the 0 associated with it have been excluded from

the concentration normalization.

at 230.6 eV increases from 20% of the total Moox signal in each alloy at Eoc

to 80% at Eb. In contrast, the contribution of the Mo+6 state at 232.2 eV

increases at -600 mV(SCE) compared to that at Eac, but subsequently falls off

as the potential becomes more noble.

The behavior of Cr in the passive film is quite different from Mo. The

concentration of Cr in the film increases with applied potential; it does not

appear to be strongly tied to the bulk Cr concentration. For AC-i and AC-2,
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only the Cr+ 3 [Cr(OH) 3 or CrOOHJ is present above -600 mV(SCE) up to Eb. At
Eb, the Cr+6 state appears. For AC-3, the CrO , Cr+3 [both Cr203 and Cr(OH) 3
or CrOOH1, and the Cr+6 (Cr03) states are present up to -400 mV(SCE). How-

+30

ever, in all cases, the Cr+3 state [Cr(OH) 3 or CrOOHI is the dominant state in

the passive film (Table 6). At Eb, all three films contain a significant
amount of Cr+ , which increases as a function of the bulk alloy concentration.

.-I

The concentration of Cr in the passive film relative to the Al in-

creases monotonically as a function of applied potential (Fig. 5). The ratio

of CrOX(oxidized Cr)/AlOx increases to between 0.4 to 0.6 at the breakdown

potential. The concentration of Alox in the passive film decreases to as low

as 17 at.% in AC-i at Eb, compared to 27 at.% for the Al-Mo alloys and 32 at.%

for pure Al.

Variable take-off angle XPS was used to study the structure of the film

that forms at -600 mV(SCE) on two solute-rich samples, AM-4 and AC-4. The

take-off angle of the photoelectrons was varied from the standard 38 (rela-

tive to the surface) to near glancing. Because photoelectrons from a given

depth emitted at low angles traverse more material than those emitted at

higher angles, they are attenuated to a greater degree. Thus, measurements

taken at near glancing angles are more surface-sensitive. The results shown

in Table 7 were acquired at glancing and standard conditions. The first two

columns contain data for which the adventitious carbon on the surface has been

taken into consideration in determining surface concentrations. In the second

set of columns, adventitious carbon and the oxygen associated with it have

been removed. As expected, C is found at the film surface. The amount of C
.

drops considerably going from the glancing to the standard angle, whereas the

oxygen signal increases. This result is expected, since the carbon occurs as

a result of exposing the sample to the atmosphere. Once the carbon and excess

oxygen signals have been removed, the passive film can be analyzed. In the

case of AM-4, there is little variation of the chemistry as a function of

depth. Slightly more oxidized Al appears at the surface; however, both the
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MoO2 and MoO4
-2 seem to be evenly distributed throughout the film, and no Mohy

was detected. An important feature of this table is that Moel appears closer

to the surface than Moal, indicating that Al is preferentially oxidized and

leaves behind a Mo-rich layer between the alloy and the passive film. It

further confirms our conclusions that the binding energy of Mo in the alloy is

substantially shifted away from the binding energy of elemental Mo.
.I

Table 7

Variations in the Surface Chemistry of AM-4 and AC-4 after Polari-

zation up to -600 mV(SCE) as a Function of Take-off Angle

As-Detected Carbon-Corrected
'%

Glancing Standard Glancing Standard

Aluminum-Molybdenum

Al 3  6.9 12.2 29.7 26.7 Ile
Al0 el 0.5 -- 1.2
Moel 0.02 0.09 0.09 0.20
Moal -- 0.10 -- 0.22
Mo+4(MO) 0.05 0.10 0.21 0.22
Mo+(Mo0 4

-2 ) 0.06 0.13 0.26 0.28
C 65.8 49.2 ... -
0 27.2 37.6 69.8 71.3

Aluminum-Chromium

AI+ 3  1.9 6.4 9.5 21.5 N
Al -- 1.1 -- 3.6
Cre  -- 0.08 -- 0.27
Cra l  -- 0.20 -- 0.68
Cr+ (Cr 0l) 0.23 0.33 1.1 1.1
Cr+3I r OF() 3 1 0.16 0.55 0.8 1.9
C 72.7 60.5 .. -'
0 24.9 30.9 88.6 71.0

P
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Compared to AM-4, the variation in data for AC-4 as a function of take-

off angle shows quite different features. The level of Al in the film

decreases from the metal/film interface to the surface and the AC-4 film is

thinner and contains substantially more Al0 at the standard take-off angle.

The Cr203 that forms in the film for the Al-Cr alloys with high solute content

is present throughout the film and, like the MoO2 and M004
- 2 that form in the

AM-4 film, does not vary in concentration as a function of depth. In con-

trast, the Cr(OH) 3 phase does vary and appears to reside closer to the

metal/film interface. The amount of oxygen in the film is high, indicating

that even at this potential, the area closest to the film/solution interface

contains a high number of cation vacancies. The ratio of metal oxide-to-

oxygen in the film at the standard take-off angle is 0.35, and decreases to

0.13 at the surface, indicating that the surface region is oxygen rich. In

comparison, the metal oxide-to-oxygen ratio for the AM-4 films is 0.38 at the

standard take-off angle, and remains constant throughout the film, increasing

only slightly to 0.43 at the glancing take-off angle.

Although the films that form on AM-4 and AC-4 differ greatly, both sam-

ples form a metal-rich region between the passive film and the alloy. As in

the AM-4 sample discussed earlier, two metallic states appear for the Al-Cr

alloys. One state is associated with Cr in the alloy, and one with Cr metal.

The Cral and Crel appear only at the standard takeoff angle, indicating that

they reside beneath the passive film.

IV. DISCUSSION

The addition of the different alloying additions to aluminum generally

resulted in more noble Eb. The addition of Ta resulted in the largest change

in pitting potential, with Mo, Cr, and Zr also showing a substantial increase

in Eb. Although each of the elements had an impact on the corrosion behavior

of the alloy in the electrolyte, further investigation of the passive film on
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Al, Al-Cr, and Al-Mo alloys show that the mechanism by which passivation

occurs can be very different.

The results of the salt spray study indicate that Cr readily protects

Al against attack in oxidizing chloride-rich environments. In contrast, Mo

does not protect the Al from general attack or hydration, as evidenced by the

change in color of the film, although it does increase the breakdown

potential.

The time needed to nucleate a pit in the Al-1.5 Mo was almost an order

of magnitude longer than that for either the Al-1.5 Cr or pure Al samples.

This may be due to the thickening of the film in the presence of Mo or to the

strong effect that the Mo+ 6 state has on the entry of Cl- into the film. How-

ever, the values for the order of reaction suggest that the chemistry of pit

0formation proceeds in a similar fashion for each alloy, independent of the

solute addition. The value for the order of the reaction is similar to values

obtained on Al and Al alloys by Foley (14). Hence, the actual breakdown of

the film is still dependent upon the interaction of Al in the film and Cl-

* anion in the solution.

A study of the passive film as a function of applied potential using

XPS indicates that its composition and thickness change as the potential

approaches Eb. Thickness increases at higher anodic potentials, and Mo and Cr

are incorporated in the film during polarization. The changes in the film of

each alloy coincides with a more noble Eb and indicates that the solute

profoundly affects the alloys' corrosion characteristics.

Examination of the film at Eoc and -600 mV(SCE) for the alloys and

-900 mV(SCE) for pure Al reveals that its thickness varies significantly. The

growth of the passive film on Al has been shown to be diffusion of anions,

i.e., oxygen, through the film to the metal/film interface (29). Thus, Mo and

Cr seem to affect the film in different ways. For the Al-Mo alloys and pure

Al, the film thickens relatively quickly, and at -600 mV(SCE) is substantially

thicker than the alloys containing Cr at approximately the same overpotential.

The solute builds up at the metal/film interface for both the Al-Mo and AI-Cr

2
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alloys, indicating that Al is more easily oxidized than either solute, al-

though the buildup at the interface is more pronounced with the Cr-containing

alloys.

The differences in film thickness between the alloys suggest that a

number of mechanisms might be active. The Cr either 1) impedes the movement

of oxygen anions through the film, 2) limits the formation of cations at the

metal/film interface, or 3) increases the rate at which cations leave the film

and enter the solution. Several factors indicate that the Cr in the alloy

does not impede the diffusion of Al cations or oxygen anions through the

passive film during film growth. As the applied potential is increased, the

ratio of CroX/Alox also increases. The increase is the result of a loss of

Alox in the film, indicating that the Al is dissolving preferentially.

Furthermore, at -400 mV(SCE), the signal due to the metallic Cr peak is still

detectable on AC-3, whereas the signal due to the metallic Al peak has

vanished. (For AM-3, neither the A10 nor the MoO peaks are detectable.)

Although the XPS measurements are much more sensitive to Cr than Al (15:1),

the ratio of Cr/Al in the alloy (1:8) is such that if the metal peaks are in a

constant stoichiometric mixture, they should become indistinguishable from the

background-induced noise at approximately the same oxide thickness. The

presence of the Cr-rich region at the metal/film interface and the loss of Al

from the film indicates that Al is preferentially oxidized at the metal/film

interface, and a sufficient supply of oxygen anions are present at the

metal/film interface to react with the Al. Therefore, cations must be leaving

the film faster than they are being replaced, indicating that film growth for

the Al-Cr alloys is limited by the supply of readily oxidizable Al, as indi-

cated by the depletion of Al from the film, and not by the diffusion of oxygen

anions to the metal/film interface.

The inhibition of Al oxidation at the metal/film interface indicates

that a barrier has formed in this region. This barrier layer consists pri-

marily of Cr +3 ICr(0H) 3 or CrOOHI, which is the dominant oxidation state of Cr
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in the film. At higher potentials and alloy concentrations, Cr+ 6 (Cr03) is

also detected. (The Cr203 also exists in the film in AC-3.) The coexistence

of both Cr203 and Cr0 3 in passive films has been reported for Fe-Cr alloys

(9), and is due to the similar value of the standard free enthalpies of the

two compounds (34). According to our results, an analogous behavior exists in

the passive film of Al-Cr alloys.

The presence of chromium hydroxide at the metal/film interface appears

to restrict the oxidation of Al in AC-i and AC-2, since no other Cr oxidation

state is detected in the film below Eb. As the potential approaches Eb, the

ratio of CrO3/Cr(OH)3 increases, indicating that the Cr oxidation reaction is

being driven toward the more highly oxidized Cr+6 species. The protective

nature of the barrier layer breaks down when a significant fraction of the

Crox is present as Cr+6 . This indicates that the barrier is oxidizing and can

no longer protect the underlying alloy from oxidation. Unlike the chromium

hydroxide film, which is stable in aqueous environments, the chromium trioxide

is soluble, and will not serve as a protective film.

The addition of Mo to Al results in a thicker film relative to the Al-

Cr alloys, suggesting that Mo in the oxide does not impede the oxidation reac-

tion of the Al. The Mo in the film has been oxidized to a number of different

states. As the potential approaches Eb, the contribution of the Moox signal

due to Mohy increases, while both Mo+4 (MoO2 or Mo
in in the case of AM-2) and

-2
Mo 6 (MoO4  ) diminish. At Eb, Mo+4 contributes 1%, and Mo+6 less than 10%,

of the Moox signal. The increase of Mohy in the film at potentials up to Eb

suggests that the outer surface is reacting with OH- ions to form a hydrated

film. This region does not appear to protect the alloy from attack by the Cl-

anion, since pitting occurs when the concentration of this phase in the film

is large. The MoO4  on the other hand, decreases at more noble potentials.

We would expect the presence of a stable molybdate anion in the film in this

region to impede the movement of anions, thereby protecting the underlying

alloy from attack. At higher Mo concentrations, more Mo is found in the oxide
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and the molybdate layer is found at higher 2potentials. This result correlates

the shift in Eb with the presence of MoO4  in the passive film.

Although the binding energy of the Mo+6 state appears to indicate that

the passive film contains molybdate anions, the structure of the molybdate is

not clear. Table 3 indicates that the binding energy for A12(Mo0 4)3 is

1 eV higher than the binding energy determined from the peak fit. The binding
energy of the Mo 3d spectrum from the passive film is closer to Na2Mo0 4;

however, no cations other than Al are present in the spectra. This indicates

that the Mo+ 6 may be incorporated into the Al oxide lattice with a more

complex local chemistry and structure than a stoichiometric compound such as

Al2 (Mo04 )3.

The XPS results indicate that the mechanism by which Eb is shifted to

more noble potentials differs for the Al-Cr and Al-Mo alloys. The Al-Cr

alloys form a barrier that impedes oxidation but as the potential increases,

Al continues to leave the film whereas Cr remains at the barrier layer.

Breakdown occurs when the potential reaches a point that favors the sufficient

formation of the less protective CrO3 rather than Cr(OH) 3. The breakdown

potential remains independent of the alloy concentration because the breakdown

of the chromium hydroxide layer is a result of the preferential formation of

Cr03 .

In contrast, the Al-Mo alloys form a multilayer film that contains

hydrated Mo, concentrated in the outer region, and a molybdate compound con-

centrated in the inner region. Unlike the Al-Cr alloys, the Mo does not con-

trol the oxidation of Al at the metal/film interface and its concentration in
the film increases with its amount in the alloy. As the potential is

increased, the amount of Mo+ 6 in the film decreases, and the hydrated Mo

compound dominates the film. Eventually, the hydration of the film is driven

to the extent that the molybdate concentration becomes severely depleted, and

Cl- anions reach the metal/film interface, resulting in breakdown. The break-

down potential is a function of the concentration Mo+ 6 in the film, which
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increases with the bulk alloy concentration. Therefore, Eb is a function of

the Mo in the alloy.

The results of the XPS work suggest that the mechanism by which pitting

on Al-Cr and Al-Mo alloys occurs is different. This correlates with the

change in the time to initiate a pit in various concentrations of Cl- (Table

2) as well as with the salt spray test results.

IV. CONCLUSIONS

The addition of Mo or Cr to Al results in driving Eb to more noble

potentials. However, the mechanism by which pits nucleate in the two alloys

are quite different. Whereas Mo forms a protective molybdate layer that

restricts the movement of Cl- anions, Cr forms a barrier layer that impedes Al

oxidation and inhibits the ingress of anions to the alloy.

The salt spray test showed that Mo did not protect the surface from

corrosion or hydration attack. However, Cr was more successful in resisting

hydration. This may be due to the fact that although Mo forms a highly

charged film that impedes Cl- movement, it does not stop the growth of the
film, and hence, hydration. In contrast, Cr forms a barrier that inhibits

movement of both Al into the film and anions from the film to the substrate,

thereby protecting the film from hydration.
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FIGURE CAPTIONS

Figure 1. Potentiodynamic polarization curves for pure Al and six different

sputter-deposited Al alloys.

Figure 2. Variation of the Al 2p and Mo 3d spectra as a function of applied

potential for sample AM-2 (Al-7.8Mo): a) As-sputter-deposited, b)

at Eoc [-931 mV(SCE)1, c) at -600 mV(SCE), d) at -400 mV(SCE), and

e) at Eb [-4 mV(SCE)].

Figure 3. Variation of the Al 2p and Cr 2P3/ 2 spectra as a function of

applied potential for sample AC-I (Al-6.8Cr): a) As-sputter-

deposited, b) at Eoc [-1125 mV(SCE)j, c) at -600 mV(SCE), d) at

-400 mV(SCE), and e) at Eb [-232 mV(SCE)].

Figure 4. The MoOx-to-Alox ratio as a function of anodic overpotential.

Figure 5. The CrOX-to-AlOX ratio as a function of anodic overpotential.
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